The elevation of soluble Fas (sFas) in the sera of patients with liver disease suggests a role for sFas in the disease process; whether it is protective or not is controversial. To determine the effects of sFas on Fas-induced liver apoptosis, we manipulated mice to produce sFas by transfecting them in vivo with different amounts of an adenovirus that produces mouse sFas driven by the CMV promoter (AdsFas). Fasmediated apoptosis was induced by administration of antimouse Fas (Jo2; 10 m mg/mouse) one week later. The administration of AdsFas (10 3 , 10 7 , or 10 9 pfu/mouse), which was associated with only minimal side-effects, resulted in a significant reduction in the liver transaminase levels and mortality of the mice on challenge with Jo2, as compared to control mice treated with AdLacZ. However, the protective effect of AdsFas was not complete. The possibility that Jo2-induction of TNF-a a in the Kupffer cells of the liver contributes to the pathology was therefore tested. Although administration of soluble TNF receptor (sTNFRI) alone did not protect the mice from the lethal effects of Jo2, administration of sTNFRI (200 m mg/mouse) after infection with AdsFas (10 9 pfu/mouse) resulted in 100% survival of the mice on challenge with Jo2. To confirm that the production of TNF-a a by Kupffer cells produce the lethal effects of Jo2 that remained after treatment with AdsFas, these cells were selectively ablated by treatment of the mice with gadolinium chloride prior to challenge with Jo2. This treatment greatly reduced early mortality and hepatocellular damage as well as TNF-a a production 6 h after injection of Jo2. These results indicate that: (1) AdsFas prevents Jo2-induced apoptosis of hepatocytes; (2) In addition to mediating Fas-mediated apoptosis of hepatocytes, Jo2 can separately induce TNF-a a production by Kupffer cells resulting in early mortality, and (3) Optimal protection from Jo2-induced mortality can be achieved by protection of liver cells by pretreatment with both AdsFas and sTNFRI.
Introduction
Fas/APO-1 (CD95), an apoptosis-signaling receptor molecule, is expressed on the surface of a number of cell types including liver parenchymal, 1 endothelial, 2, 3 and Kupffer cells. 4, 5 The molecular biology of Fas-mediated apoptosis is now well described. Fas triggers apoptosis through a 90-amino acid cytoplasmic death domain (amino acids 201 ± 292). 6, 7 Upon trimerization of the receptor by its ligand (FasL), this death domain forms a death inducing signaling complex (DISC). This complex acts to dock adapter and signaling molecules that signal apoptosis, including the Fas-associated protein with death domain (FADD or MORT1), 8 ± 11 which then recruits FADD-like ICE (FLICE; now referred to as caspase 8) 12,13 that triggers the cascade of events that results in programmed cell death.
The process of apoptosis is regulated tightly through a variety of mechanisms, one of which is postulated to be the production of soluble forms of Fas (sFas) that normally binds to FasL, thus blocking the signaling of the membrane-bound form of Fas. 14 In humans, sFas is normally present at serum levels of 0.1 ± 1.0 ng/ml. 14, 15 Molecular cloning and nucleotide sequence analyses have revealed several Fas mRNA splice variants that encode the soluble forms of the Fas molecule. 16 The most abundant of these is FasDTM, which encodes the sFas molecule that exhibits alternative splicing and deletion of exon 6 of the transmembrane domain.apoptosis induced by either FasL or Fas antibody. 14, 17 The role of sFas in protection of cells from apoptosis in vivo has not yet been established.
The cells of the liver, including the parenchymal and Kupffer cells, constitutively express Fas and are highly sensitive to apoptosis induced by anti-Fas antibody. 18, 19 Fas-mediated apoptosis has been implicated as a contributing factor in liver damage. It has been established that FasL is elevated in the sera of patients with liver diseases, including chronic hepatitis B and hepatitis C, autoimmune hepatitis, and cirrhosis, and in patients with hepatocellular damage resulting from liver transplantation or toxins. 18 ± 24 Biopsy samples show high levels of apoptosis in the livers of patients with chronic hepatitis B and hepatitis C. 20, 25, 26 It also has been established that sFas is elevated in the sera of patients with these liver diseases or hepatocellular damage.
18 ± 24 Additionally, we have observed high levels of sFas in the sera of patients with SLE, 15, 16 and these high levels showed a significant correlation with elevated levels of indicator liver enzymes 15 as well as the Systemic Lupus International Collaborative Clinics/American College of Rheumatology Damage Index (SLICC/ACR). 27 In all of the above studies, it is notable that the elevations in the levels of sFas are seen in situations in which there is ongoing liver damage. Consequently, it remains controversial as to whether or not sFas, either produced naturally or administered exogenously, is capable of protecting the liver from Fas-mediated apoptosis.
This issue has proven difficult to resolve due, in part, to the lack of an informative experimental animal model. Mice do not produce sFas. Therefore, we investigated the effects of sFas by infecting mice with adenovirus expressing sFas (AdsFas). Infection with AdsFas and consequent production of sFas abrogated the liver damage typically induced by administration of the anti-mouse Fas antibody, Jo2, but did not completely prevent the associated mortality. The observation that administration of Jo2 is associated with an increase in the levels of tumor necrosis factor-a (TNF-a) in the sera, suggested the existence of a pathological mechanism in addition to Fas-mediated apoptosis of the parenchymal cells, which was confirmed by the finding that co-administration of soluble tumor necrosis factor (sTNFRI) with AdsFas provided efficient protection. The source of the Jo2-induced TNF-a was identified as the Kupffer cells by ablation of these cells by pretreatment with gadolinium chloride (GdCl 3 ). 28, 29 In summary, these data suggest that the Fas-associated liver damage and mortality elicited by Jo2, is mediated by two separate mechanisms. One of these, the Fas-mediated apoptosis of the parenchymal cells, can be readily prevented by sFas. In contrast, Fas-induced TNF-a production by Kupffer cells, is less readily prevented by sFas but is amenable to treatment with sTNFRI.
Results
AdsFas can enhance the survival of mice after administration of anti-Fas antibody (Jo2)
We have previously produced a Fas-Fc fusion protein to produce high levels of soluble Fas-extracellular domain (sFas) to bind to Fas ligand (FasL) and prevent Fas apoptosis in vitro and in vivo.
14 For the present studies, the Fas-Fc was cloned into the E1A site of an adenovirus to enable expression of sFas by liver cells in vivo. We first determined whether sFas can protect mice from the lethal effects of administration of anti-Fas antibody, mice were infected with AdsFas (10 9 , 10 7 and 10 3 pfu/mouse) or control AdLacZ (10 9 pfu/mouse) administered i.v. One week later, the mice were challenged with 10 mg/mouse of the anti-Fas antibody Jo2, administered i.p. (Figure 1a) . The administration of the Jo-2 antibody was uniformly and rapidly fatal in mice that were untreated or treated with control AdLacZ (10 9 pfu/mouse), as well as mice treated with the lowest dose of AdsFas (10 3 pfu/mouse) ( Figure 1b) . Pretreatment of the mice with either 10 9 or 10 7 pfu/mouse of AdsFas enhanced survival significantly (Figure 1b) , with the survival rate of mice being higher in the group of mice administered 10 9 pfu/mouse of AdsFas as compared to mice administered 10 7 pfu/mouse. It is noteworthy that, in the absence of challenge with Jo2, administration of AdsFas or AdLacZ did not cause the death of any mice (Figure 1b) or any overt signs of adverse effects.
AdsFas can prevent hemorrhagic hepatitis induced by administration of anti-Fas antibody (Jo2) Previously, it has been shown that intravenous injection of anti-Fas antibody results in hemorrhagic liver damage. 18 Consistent with this report, histologic analysis of the liver showed that within 3 h of administration of Jo2, the control AdLacZ pre-treated mice exhibited extensive hemorrhagic liver damage (Figure 2a ). To determine if the protective effect of AdsFas is associated with amelioration of the hemorrhagic liver damage, mice were pretreated with either 10 9 or 10 7 pfu/ mouse of AdsFas (Figure 2b ,c) one week prior to administration of 10 mg/mouse of Jo2. The histology of the liver was evaluated 6 h later. In contrast to the extensive hemorrhagic hepatitis observed in mice receiving Jo2 without pretreatment, there was greatly reduced hepatitis in the mice that had received pretreatment with AdsFas 1 week prior to receiving Jo2. To determine if the infection with either AdsFas or AdLacZ contributes to the cytopathic effects in the liver, 10 9 pfu/mouse of AdsFas or 10 9 pfu/mouse of AdLacZ were injected i.v. in 6-week-old B6 female mice, and the mice were sacrificed 1 week later. Histologic analysis of the liver tissue confirmed that the administration of 10 9 pfu/mouse of AdLacZ or AdsFas did not result in any significant cytopathic effects (Figure 2d , other results not shown).
AdsFas can prevent apoptosis of hepatocytes induced by anti-Fas antibody (Jo2) in vivo
We next addressed the question as to whether the protective effects of AdsFas are mediated through inhibition of apoptosis of liver cells. It has been shown previously that soluble Fas can protect cells from apoptosis in vitro.
14 To determine if sFas can protect cells from apoptosis in vivo, nuclear condensation was evaluated in the livers of the mice. 30 Extensive nuclear condensation was observed Figure 2g ) of AdsFas prior to challenge with mouse Jo2 (10 mg/mouse) resulted in a reduction in the extent of apoptosis with slight nuclear condensation being observed in surviving mice 6 h after the administration of Jo-2. In mice pre-treated with 10 9 pfu/mouse of AdLacZ or AdsFas that were not challenged with Jo2, nuclear condensation was not observed (Figure 2h , other data not shown). These results indicate that sFas can prevent apoptosis in vivo and suggest that, in these mice, AdsFas is protecting the liver, at least in part, by inhibiting Fas-mediated apoptosis. Notably, even 10 7 pfu/mouse of AdsFas was effective in inhibiting Fas-mediated apoptosis, as well as the associated hemorrhagic liver damage and death ( Figures 1, 2c,g ).
AdsFas limits the elevation of liver enzymes in the sera induced by anti-Fas antibody (Jo2) in vivo Elevated levels of the liver enzymes aspartate amino transferase (AST) and alanine amino transferase (ALT) in the sera are markers of liver damage and have been reported previously in association with Jo2 hepatotoxicity. 18 Sera were obtained from the mice at 24 h before and 3 h after injection of Jo2. Twenty-four h before challenge with Jo2, there was no significant difference in the sera levels of either AST or ALT among the three groups of mice that had been pretreated with AdsFas (10 7 or 10 9 pfu/mouse) or control AdLacZ ( Figure  3a ,b, open bars). At 3 h after administration of 10 mg/mouse of Jo2, the levels of both AST and ALT in the sera were increased (Figure 3a ,b, closed bars). Mice that were pretreated with AdsFas (10 9 pfu/mouse) 1-week prior to Jo2 (10 mg/mouse) challenge exhibited significantly lower levels of AST and ALT compared to mice receiving Jo2 without AdsFas pretreatment. Although the sera from mice pretreated with 10 7 pfu/mouse of AdsFas exhibited lower levels of AST and ALT compared to mice without pre-treatment, there was no statistical significant difference between these groups. Pretreatment of mice with 10 3 pfu/mice of AdsFas and Jo2 resulted in increased levels of both AST and ALT equivalent to that observed in control mice (data not shown). Taken together, these results suggest that pretreatment with AdsFas can enhance resistance to the cytopathic and lethal effects of administration of anti-Fas antibody. The effect is dosedependent, with 10 7 pfu/mouse of AdsFas affording some protection. However, not all mice were protected even at a higher dose (10 9 pfu/mouse).
Evaluation of sFas levels in the liver and sera
In an effort to evaluate the levels of sFas after administration of AdsFas, sera were collected and livers obtained from the mice one week after administration of AdsFas (10 7 , 10 9 , or 10 10 pfu/ mouse) and the levels of sFas quantitated using an ELISA assay. As expected, higher levels of sFas were observed in the liver compared to the sera. The liver is the primary target of adenoviral vectors. One week after administration of 10 10 of AdsFas, the levels of AdsFas in the liver and serum were 290+25 ng/ml and 112+8.6 ng/ml, respectively ( Figure 4) . One week after administration of 10 9 of AdsFas, the liver and serum concentrations of sFas were 11.0+0.65 ng/mg and less than 1 ng/ml, respectively, and 1 week after administration of 10 7 of AdsFas, sFas was not detectible in either the liver lysate or the sera (Figure 4) . This approach provides an approximate level for sFas in the liver and sera after administration of higher pfu of AdsFas, but the values of sFas in the liver and the sera after administration of lower pfu of AdsFas can only be approximated since they were below the limit of detection by the mouse sFas ELISA assay.
As an alternative approach to evaluating the production of sFas on infection with AdsFas, we assessed the percentage of liver cells that produced sFas as examined by immunohistochemical staining of the liver to determine if many liver cells produce low levels of sFas or if few liver cells produce relatively high levels of sFas. Mice (3 mice/group) were administered AdsFas (10 9 and 10 7 pfu/ mouse) i.v. One week later, the liver was analyzed for the production of sFas using an anti-human IgG Ab, to detect the Fc portion of the intracellular domain of human IgG 1 that is fused with a mouse Fas extracellular domain (FasFc) in the sFas used to produce the AdsFas. In mice treated with 10 9 pfu of AdsFas, the percentage of cells expressing Fas-Fc was 5% of all liver cells (Figure 5a ). In mice treated with 10 7 pfu of AdsFas, lower numbers of liver cells produced Fas-Fc compared to those treated Treatment with sTNFRI in combination with AdsFas protects the mice from the lethal effects of Jo2
To determine if pathological processes other than Fasmediated apoptosis contribute to the liver damage and lethality associated with administration of Jo2, we assessed the levels of TNF-a in the sera. One potential contributory mechanism is liver injury associated with the adenovirus transduction with the major cause of liver injury subsequent to adenovirus transduction being apoptosis mediated by the TNF-a/TNF receptors. 31, 32 As described above, only minimal evidence of damage was observed using equivalent pfu of control AdLacZ. A slight elevation in the levels of TNF-a in the sera was observed in mice pre-treated with 10 9 pfu/mouse of AdsFas and this elevation was slightly greater than that in those mice treated with 10 7 pfu/mouse of AdsFas or those that were not administered the adenoviral vector (Figure 6b , open bars). Notably, a further increase of TNF-a in the sera was observed in mice after Jo2 injection, and this occurred regardless of whether or not the mice had been pretreated with AdsFas (Figure 6b, hatched bars and open bars) .
These results suggested that Jo2-induced TNF-a may contribute to the liver cell damage and lethality associated with administration of Jo2. Therefore, we administered sTNFRI (200 mg/mouse) i.p. at the same time as the Jo2 was injected (Figure 6a) . A statistically significant reduction in the levels of TNF-a in the sera was observed 3 h after Jo2 injection in the mice treated with sTNFRI compared to those without sTNFRI treatment in each group of AdsFas pre-treated mice (Figure 6b , closed bars and hatched bars). After Jo2 and sTNFRI injection, the levels of TNF-a were lowest in those mice that had been pre-treated with 10 9 pfu/ mouse of AdsFas. Furthermore, the survival rate after Jo2 challenge was increased in the mice that had been pretreated with 10 9 pfu/mouse of AdsFas, but not in mice pretreated with 10 7 pfu/mouse of AdsFas (Figure 6c ) with all of the mice pre-treated with 10 9 pfu/mouse of AdsFas and sTNFRI surviving (Figure 6c ). The serum levels of AST and ALT at 3 h after Jo2 injection were lower in those mice treated with sTNFRI compared to mice treated without sTNFRI (Figure 6d,e) . Although the survival at 24 hours after Jo2 and sTNFRI injection were different among three groups (Figure 6c) , there was no difference in the AST and ALT levels between the three groups at 3 h after Jo2 and sTNFRI injection (Figure 6d ,e, closed bars). Thus, inhibition of both the TNF-a/TNFRI and Fas/FasL-mediated apoptotic pathways is necessary for optimal protection against Jo2-induced liver injury in vivo.
GdCl 3 protected mice from Jo2-induced TNF-a production and early death
To directly determine if Jo2 can signal TNF-a production by Kupffer cells in the liver and induce mortality, mice were treated with gadolinium chloride (GdCl 3 ) to ablate Kupffer cells, and Figure 4 Levels of sFas in the serum and the liver after AdsFas treatment. One week after treatment with AdsFas (10 10 , 10 9 , or 10 7 pfu/mouse), the levels of sFas in the sera and the liver lysates were quantitated by ELISA. The results are presented as the mean+S.E.M. of duplicate assays with three mice in each group. *The levels of sFas were below the limit of detection (1.0 ng/ml) of the assay in liver lysates from mice that received 10 7 pfu of AdsFas, and in the sera of mice that received 10 9 pfu or 10 7 pfu of AdsFas Figure 5 Immunohistochemical analysis of sFas expression in the liver. One week after the treatment of mice with AdsFas or AdLacZ, liver tissue was harvested. The sFas expressed by AdsFas, which carries a Fas-Fc construct, was detected in frozen sections by immunoperoxidase (brown) staining using an anti-human IgG antibody. Representative sections are from mice treated with 10 9 pfu AdsFas (a), 10 7 pfu AdsFas (b) and 10 9 pfu AdLacZ (c) are shown. Magnification=1006
Cell Death and Differentiation Soluble Fas protects against Fas-induced liver damage Y Matsuki et al then treated with Jo2 (10 mg/mouse) 30 h later. In the absence of pre-treatment with GdCl 3 , the mice exhibited 90% mortality within 4 ± 6 h (Figure 7a ), whereas pretreatment with GdCl 3 resulted in delayed death with the mortality being 40% at 4 ± 6 h and 50% at 10 ± 24 h, reaching 90% at 24 h after anti-Fas antibody injection. Thus, pretreatment with GdCl 3 protected the mice from the early lethal effects of Jo2. Treatment of GdCl 3 alone did not cause lethal effects to mice (data not shown).
To determine whether the increased early survival of GdCl 3 -pretreated mice is associated with a reduction of TNF-a, the level of TNF-a produced by Jo2 stimulation of Kupffer cells in the liver was determined in vivo. There was high induction of serum TNF-a levels after treatment with Jo2 in control treated mice. Pre-treatment of mice with GdCl 3 , which ablates Kupffer cells in the liver, greatly reduced Jo2-induced serum levels of TNF-a (Figure 7b) . These results indicate that Jo2 can stimulate TNF-a production by Kupffer cells in vivo. This correlates with a greatly diminished hepatocellular damage and intra-hepatic hemorrhage in GdCl 3 pre-treated mice 6 h after Jo2 injection, compared to mice-treated with Jo2 alone (Figure 7c ). There were no detectable levels of TNF-a in sera of control-treated or GdCl 3 alone-treated mice (data not shown). There was also no evidence of hepatocellular damage in control-treated mice, or in mice treated with GdCl 3 alone (Figure 7c ).
Discussion
The results of the present study indicate that sFas is capable of inhibiting Fas-mediated apoptosis of liver cells in vivo. This inhibitory effect ameliorates the liver enzyme elevation, the tissue damage as evaluated by histologic analysis, and the liver failure leading to death that is associated with administration of anti-Fas antibody. In mice receiving 10 7 pfu of AdsFas i.v., less than 0.05% of liver cells produced sFas, as revealed by histologic analysis after staining with labeled anti-human IgG 1 that specifically recognizes the sFas produced by the AdsFas. These cells were located randomly in the liver and the distribution did not appear to conform to any known pattern, such as a periarteriolar pattern. The expression of sFas was confirmed by immunohistochemical analysis in liver ( Figure 5 ) and the secretion of sFas by the liver cells that produced sFas was further indicated by the location of sFas binding beyond the borders of these cells. The targeting of AdsFas was highly specific for the liver since sFas binding was detectable in the liver, but not in the lung ( Figure 5 and data not shown). The sFas was detectable by ELISA assay in the sera and lysates of the liver of mice that received 10 9 or 10 10 of AdsFas. However, sFas was not detectable by ELISA in the sera or liver lysates of mice receiving 10 7 pfu of AdsFas (Figure 4) . The higher levels of sFas in the liver tissue compared to the sera may indicate that sFas accumulates intracellularly, or that sFas is secreted by the liver cells but sequestered by the liver stroma. Together, these results indicate that very low levels of sFas produced by a very small percentage of liver cells can provide significant protection of mice from the liver damage associated with administration of the anti-Fas antibody, Jo2.
Our results demonstrate that serum TNF-a is elevated after Jo2 challenge and this induction of TNF-a may well contribute to the Jo2-induced liver damage as TNF receptors are expressed on hepatocytes. It is well established that TNF-a interacts with TNFRI and mediates an apoptotic signal via the TNFRI-associated death domain (TRADD), which triggers the same down-stream signals as Fas/FasL pathway, including The survival of mice administered sTNFRI (n=5) was compared with the survival of mice that did not receive sTNFRI (n=13, 15 and 5 in AdsFas 10 9 pfu/mouse, 10 7 pfu/mouse and control group, respectively as in Figure 1b ). (d,e) Serum AST (d) and ALT (e) levels at 3 h after anti-Fas injection. The results are presented as the mean+S.E.M. from five different mice in each group with sTNFRI treatment. The levels of AST and ALT in the sera of mice that received sTNFRI (n=5) were compared with the levels of AST and ALT in the sera of mice that did not receive sTNFRI (n=13, 15 and 5 in AdsFas 10 9 pfu/mouse, 10 7 pfu/ mouse and control group, respectively, as in Figure 3a,b) FADD and caspase 8. Elevation of serum TNF-a is seen as host response during conditions such as fulminant hepatic failure as well as endotoxin-induced shock. 33 Our study supports the concept that TNF-a plays a significant role in the fatal response to Jo2 as treatment with sTNFRI together with AdsFas protected the mice completely from Jo2-mediated liver damage. Moreover, ablation of the Kupffer cells had a similar effect, indicating that the Kupffer cells, rather than a response to the adenovirus transduction, are the main source the TNF-a.
Our results therefore suggest (Figure 8 ) that AdsFas can protect hepatocytes partially from Jo2-mediated Fas apoptosis signaling, but Jo2 can still bind to the cell of the liver and, importantly, induces TNF-a production by the Kupffer cells. The TNF-a subsequently exacerbates the hepatocellular damage and, most probably triggers circulatory shock, leading to the death of the mice. Thus, this study suggests a model in which Jo2-mediated hepatocellular damage and its associated lethality reflect a complex two-step process involving Fas signaling to both hepatocytes and Kupffer cells, with the subsequent production of TNF-a playing a key role in the hepatocellular damage as well as the shock response, which is the primary cause of death in Jo2-treated mice. In the absence of the TNF-a effect (due to treatment with sTNFRI or ablation of Kupffer cells), Jo2 is capable of inducing Fas-mediated apoptosis of the liver with the associated damage being sufficient to cause death.
Materials and Methods
Mice C57BL/6J +/+ female mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). All mice were housed in a room equipped with an air filtering system. The cages, bedding, water, and food were sterilized, and the mice were handled with sterile gloves. Experiments were carried out using 6-week-old mice. All animal experiments were performed in accordance with the guidelines set forth by the NIH and the studies were approved by the Institution of Animal Care and Use Committee of the University of Alabama at Birmingham.
Construction and administration of AdsFas and AdLacZ
A recombinant replicative-defective adenovirus capable of producing soluble Fas (AdsFas) was produced by cloning a murine Fas Figure 7 Decreased early mortality and reduced production of TNF-a after administration of Jo2 in GdCl 3 -treated mice. (a) Decreased early mortality after treatment with GdCl 3 . Mice were administered with Jo-2 after pre-treatment with vehicle or GdCl 3 . Mortality was assessed at different time points after administration of Jo-2 (n=10 for each group). (b) TNF-a production by Kupffer cells in vivo. Mice were treated with Jo2 or GdCl 3 plus Jo2 (n=10 for each group). Sera were collected 3 h and 6 h after Jo2 injection. Asterisks indicate that sera levels of TNF-a were below the detectable range. (c) Hepatocellular damage in the mice was evaluated by H&E staining. Representative sections from control mice that received vehicle only (upper left), received GdCl 3 but not Jo2 (lower left), received Jo2 but not GdCl 3 (upper right), and experimental mice that received GdCl 3 treatment followed by Jo2 challenge (lower right) are presented. Magnification=806 containing the extracellular domain of Fas linked to the Fc and hinge portion of a human IgG 1 (Fas-Fc) into the E1A site of adenovirus. 34 Briefly The Fas-Fc was cloned into the E1A deletion site of adenovirus of pAdTRACKCMV in which Fas-Fc expression is driven by the CMV promoter. A recombinant adenovirus was produced by co-transfection of pAdTRACKCMVAkt-DN with pAdEasy-1 in BJ5183.
A recombinant adenovirus was produced by co-infection of sFas vector with pJM17 in the 293 cell line. The recombinant adenovirus expressing sFas was selected and purified using standard procedures. 30 The correct orientation and cloning of the sFas in recombinant AdsFas was confirmed by PCR sequence analysis. To obtain a large quantity of recombinant AdsFas, 293 cells were infected and grown for 48 h at 378C prior to harvest and centrifugation using a table-top centrifuge at 4000 r.p.m. for 20 min. The infected cells were resuspended in PBS buffer, then lysed using three freeze-thaw cycles. The released virus was purified through two CsCI gradients and the purified recombinant AdsFas was titrated by plaque assay, 35 aliquoted, and stored at 7808C until use. Mice were injected intravenously with 10 9 , 10 7 or 10 3 pfu/mouse of AdsFas in PBS. Control mice were injected with 10 9 pfu/mouse of AdLacZ in PBS or PBS alone.
Administration of anti-Fas antibody, Jo2
One week after AdsFas administration, mice were injected i.p. with 10 mg/mouse of anti-mouse Fas antibody from clone Jo2 (Pharmingen, San Diego, CA, USA). Control mice were treated with an equivalent volume of normal saline, i.p. Mice were observed closely for signs of clinical compromise, including decreased mobility and tachypnea for 24 h after administration of the Jo2 antibody.
Treatment with sTNFRI
One week after AdsFas pre-treatment, 200 mg/mouse of sTNFRI (Amgen, Thousand Oaks, CA, USA), 36 dissolved in 500 ml of PBS, was injected i.p. at the same time as administration of Jo2 (Figure 6a ).
Sera collection and analysis
Blood samples were collected by retro-orbital sinus puncture at 24 hours before and 3 hours after injection of anti-Fas antibody. Sera and plasma samples were stored at 7208C until use for measurement of sFas levels, and the plasma levels of the liver enzymes AST, ALT, and TNF-a as described below.
Survival analysis
Immediately after the mice appeared moribund, they were killed by cervical dislocation. Survival of mice was evaluated at 24 h after administration of Jo2. Statistical analysis of survival between the group treated with AdLacZ plus Jo2 and each group was determined by Fisher's exact test.
Preparation of liver lysates
The livers were obtained from the sacrificed mice, 1 week after pretreatment with the adenovirus constructs and a lysate prepared using 0.5 g of the tissue that was homogenized in 1.5 ml of lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, and protease inhibitor (aprotinin 1 ng/ml, leupeptin 10 ng/ml, pepstatin A 1 ng/ml, and 1 mM sodium orthovanadate) on ice, then 150 mg of phenylmethylsulfonyl fluoride was Figure 8 A model of Jo2-induced lethality in mice. We propose that Jo2-mediated hepatocellular damage and lethality reflects a complex two-step process involving Fas signaling in both hepatocytes and Kupffer cells in the liver. The subsequent production of TNF-a plays a key role in both hepatocellular damage and a shock response that serves as the primary cause of mortality associated with administration of Jo2. This model is supported by our present findings that AdsFas can partially protect hepatocytes from Jo2-mediated Fas apoptosis signaling and that AdsFas plus sTNFRI treatment rescues mice from Jo2-induced lethality. Elimination of TNF-a produced by Kupffer cells delayed Jo2-induced mortality added and the lysate incubated on ice for 10 min. To remove the nuclear fraction, the lysate was centrifuged at 20006g for 5 min at 48C. The samples were stored at 7208C until use in measurement of soluble Fas levels.
Preparation of sFas
Fas-Fc (sFas) was purified from a serum-free culture supernatant of AdsFas transfected cells. The supernatant was applied to the column of protein G-agarose (Sigma). Soluble Fas was eluted from column with acidic elution buffer (100 mM glycine-HCl, pH 3.0) and neutralized using 1 M Tris-HCl, pH 9.0. The concentration of the purified sFas was determined by measurement of the absorbance at 280 nm using a spectrophotometer (Smart Spec TM 3000, Bio-Rad Laboratories, Hercules, CA, USA) and the binding activity of the purified sFas to anti-Fas antibody was determined by ELISA assay as described previously. 14 
ELISA for soluble Fas and TNF-a
For measurement of sFas, 96-well ELISA plates were pretreated with 40 mg/ml of poly-L-lysine and coated at 48C overnight with 4mg/ml of Jo2. The plates were washed and then blocked with 0.25% BSA, 0.05% Tween 20 borate-buffered saline. Standard Fas-Fc, and diluted serum or liver lysate were added to duplicate wells and incubated for 2 h at 378C. After washing, the secondary antibody, horseradish peroxidase conjugated anti-human IgG (Southern Biotechnology Associates, Inc., Birmingham, AL, USA), was added and the plates incubated for 1 h at 378C. 3,3',5,5'-tetramethylbenzidine (Sigma, St. Louis, MO, USA) was added and incubated for 30 min at room temperature. The reaction was stopped by addition of H 2 SO 4 , 0.2 N and the absorbance was measured at 450 and 650 nm. A standard curve was derived for detection of sFas and revealed the lower limit for the detection of mouse Fas-Fc as 1.0 ng/ml. The serum levels of TNFa were measured using the mouse ELISA kit for TNF-a (BioSource International, Inc., Camarillo, CA, USA) according to the instructions provided by the manufacturer.
Histologic analysis
A portion of the excised liver was fixed with 10% buffered-formalin and embedded in paraffin. Sections (4 micron) were obtained from the paraffin-embedded tissue samples and stained with hematoxylin and eosin, and with Hoechst dye 33342 (Molecular Probes, Inc. Eugene, OR, USA). Hoechst staining was performed as follows; after fixation, the sections were incubated with blocking buffer (5% FCS, 0.1% NaN 3 in PBS) for 20 min followed by incubation with 20 mg/ml of Hoechst 33342 in blocking buffer for 7 min, and then washed with PBS. Fluorescence was visualized using a standard fluorescence microscope.
Immunohistochemical analysis
A portion of the excised liver was embedded in OCT medium and then snap frozen. After sectioning, the prepared slides were incubated with 3% hydrogen peroxide in distilled water for 5 min. The slides were then rinsed with distilled water prior to treatment with pepsin (4 mg/ml) at room temperature for 30 min. After washing with PBS, the slides were incubated with horseradish peroxidase-conjugated anti-human IgG (Southern Biotechnology Associates, Inc.) at room temperature for 1 h, followed by incubation with 3,3'-diaminobenzidine (Sigma) for 15 min. Finally, the slides were rinsed with distilled water and counterstained with 0.5% methyl green.
GdCl 3 treatment of mice
For transient ablation of Kupffer cells, a protocol described previously 37, 38 was adapted. GdCl 3 was dissolved in H 2 O, and 10 mg/kg of body weight in a total volume of 400 ml was injected i.p. at 30 and 6 h prior to Jo2. Control animals were injected with 400 ml of saline. To test the phagocytic capacity of the Kupffer cells, colloidal carbon (0.8 ml/kg of body weight; Sigma, St. Louis MO, USA) was injected 30 minutes before sacrifice into untreated mice or mice treated with GdCl 3 . 37 The carbon uptake by liver macrophages, scored by light microscopy of liver sections was reduced by approximately 80% in mice that received the double GdCl 3 injection compared to untreated animals. This is consistent with results obtained in previous studies. 38 
